ABSTRACT Large signal stability means that a system can be a transition to a new stable state without losing synchronism after a large disturbance. The large signal stability problem brought by large capacity electrical loads in ac/dc independent power system is prominent, which seriously affects the dynamic security of the system. In view of modeling characteristics of ac/dc system, a generalized state space average large signal modeling method for the ac/dc independent power system in dq-coordinates is proposed. A large signal model of the ac/dc independent power system is constructed, which includes generators, inverter units, rectifying units, and dc/dc converters. The simulation results indicate that the large signal model constructed in this paper can accurately reflect the dynamic characteristics of the system under large disturbances, such as startup and sudden change in load, which is helpful to understand and improve the dynamic performance of the system under large disturbance. Furthermore, with feasibility and effectiveness, the large signal model provides convenience and possibility for the theoretical analysis of large signal stability of ac/dc independent power systems in the future.
I. INTRODUCTION
With various energy forms and flexible structure, independent power system provides an effective solution for the technical development of independent micro-grid, space station, more electric aircraft and all electric propulsion system of ship [1] . Large signal stability means that a system can be transition to a new stable state without losing synchronism after a large disturbance [1] . The complex and compact coupling between AC and DC variables increases the modeling difficulty of independent power system; meanwhile the large signal stability problem caused by sudden increase, decrease or fault of large capacity electrical equipment in the system is prominent, which seriously affects the dynamic security of the system [2] .
As the foundation of large disturbance stability, the accuracy of large signal model of AC/DC independent power system determines the correctness and effectiveness of stability analysis directly [3] . Most of the previous research on safety and stability of AC/DC hybrid system focused on power angle stability, lacking analysis of voltage stability and large signal stability [4] . Large signal models of power system mainly include average-value circuit model, generalized state space average (GSSA) model and dq-transformation-based model etc. [1] - [5] .
With no small signal and linearization assumption, the average-value circuit model refers to the circuit topology corresponding to the state space equation based on circuit principle, which is suitable for the large disturbance stability analysis of system [4] . Literature [5] proposes a reduced-order average value modeling method considering conductance and trans-former loss as well as input-output filter, and derives a small signal model and a control output function based on that model. In the literature [6] , a large signal model of current source DC/DC is established. In the model, the active switch is replaced by a controlled current source, diode is replaced by a controlled voltage source and supposed the rest parts of the converter unchanged. The model can not only reflect the large signal dynamic characteristics of the converter, but also realize the simulation of the steady state relationship of the converter. Literature [7] built a large signal model of the nonlinear average value of DC/DC in Simulink, and verified validity of the model by circuit experiment under step load disturbance. The GSSA model is the extension of the state space average model, which expands the system state variables by Fourier series and retains DC component as well as higher-order terms. Literature [8] analyzes the response characteristics of aircraft DC distribution system from GSSA model, and obtained more accurate results as compared with that from a state space average model. Using the GSSA method, literature [9] establishes the aircraft vary-frequency power system model including two generators, and carried out simulation analysis of the plane under line short circuit, and autotransformer rectifier fault. Results show that the GSSA model can well reflect the system's steady and dynamic characteristics, and suits for ripple analysis.
Dq-transformation-based system modeling is to establish the time-varying transformer model of power electronic converter in independent power system by transforming their state variables into dq-coordinates, and then connected it to the generator model, load model in the power system of to form a complete system model. In Literature [10] , the nonlinear large signal model of aircraft power system is established by the dq-transformation method, and the small disturbance stability problem with constant power load is studied by linearization method. Based on the system model from dqtransformation method, literature [11] studies the influence of load dynamic characteristics, generator control link and filter link on system stability. Based on the dq-transformation method, literature [12] establishes a large signal model of 18-pulse autotransformer rectifier, and studies the system response characteristics under balanced state and unbalanced faults. Compared with the detailed model, the simulation time is significantly shortened.
Parameters for average value model of converter switch with the changes of operation mode and are discontinuous, which bring greater difficulty to the subsequent theoretical analysis [4] . GSSA model is able to describe the influence of the dynamic characteristics of the converter to system performance more accurately, but still unsuitable for analyzing AC/DC hybrid system. The dq-transformation-based system model can be used to analyze AC/DC hybrid independent power system, but the procedures modeling voltage converter and other links are more complex. Therefore, combining the GSSA method and the dq-transformation method, a GSSA modeling method in dq coordinate system is proposed, which is an effective way to establish the large signal model of AC/DC hybrid independent power system. Large signal model is the basis of dynamic security analysis. This paper aims to study the large signal modeling method for AC/DC hybrid independent power system. By the aid of the dq-transform method that turns the three-phase coordinate system equation into the d axis and q axis component, and the GSSA transform, the large signal model of the target system is built firstly. Then, response characteristics of the physical model and the large signal model under three working conditions of starting-up, load switching and steady state are compared to verify the accuracy of the large signal model.
II. TARGET SYSTEM
In this paper, B767 aircraft power system in Fig. 1 is taken as an example of independent power system to construct its large signal model, which is composed of power generating system (SG), rectifier unit, inverter unit, converter unit and AC/DC load and so on.
The power generating system is composed of VSCF synchronous generator and its negative feedback control unit. The generator is with rated power of 90kVA and rated frequency of 400Hz. Taking the 270V DC bus voltage as the main feedback signal, the negative feedback control unit uses PI controller to regulate the excitation current.
Adopting series double connection circuit with phase shifting of π /6, the rectifier unit is directly connected with the generator. With the help of a Y/Y/-type transformer rectifier unit to obtain the voltage phase difference of π /6 between the upper and lower bridge arms, the output voltage pulses 12 times in a period of cycle, so called as 12-pulse rectifier circuit.
The inverter unit is a three-phase voltage-sourced dual inverter circuit, which is composed of two three phase bridge inverters with the same principle as 12-pulse rectifier, so called the 12-pulse inverter circuit. The inverter converts the 270V DC bus voltage into 200Vrms/400Hz AC, providing for the load with rated power of 54.4 kW.
The DC chopper unit powers three kinds of DC load with constant voltage, constant current or constant power, which rated 5.6kW, 20kW and 10kW, respectively.
III. LARGE SIGNAL MODELING METHODS
According to the Kirchhoff theorem, the state equation of the independent power system in three phase coordinates is established. The dq-transformation (1) is used to write the dq-axis component of the voltage and current of the independent power system.
Where, i d , i q and i 0 are the d-axis, q-axis and 0-axis components of the current, respectively; i a , i b and i c are the abc-axis components of the current, respectively; P is the transformation matrix, and according to the law of power conservation, we have
According to (1) and (2), the state equation under three phase coordinate system is converted into that under the dq axis by determining the state space matrix.
T is vector of algebraic variables; is the n×n order state variable matrix for the system;
T is vector of state variables; is a n×m order algebraic variable matrix.
Make Fourier decomposition to the state variable matrix χ in the (3). For any time interval τ ∈ [t − T , t], any time variable x i (τ ) in matrix χ can be approximated by a finite Fourier coefficient.
Where, x i k (τ ) is Fourier coefficient; x i 0 represents the invariants in x i (τ ); ω = 2π/T ; Re is the real part; Im is the imaginary part; N is the order. The larger N is, the more accurate the model is, and the amount of computation increases correspondingly. When N = 0, it is the equation of the state space mean value. The k-th order Fourier coefficient of the Fourier expansion (4) is
According to the Fourier coefficients x i k (τ ) in (5), the n(2N +1)×1 order state variable matrix Q is constructed as When k = 0,
When k = 0,
Where, n is the variables number of the state variable matrix χ ; q is element in state variable matrix Q; N is the order of GSSA model; k ∈[-N , N ]; i indicates that x i (τ ) is the i-th variable in matrix χ .The Fourier transformation satisfies
According to (8)- (10), the state space equation of the dq coordinate system of independent power system, (3) is decomposed by k-th order Fourier transformation.
Where, Re is the real part, and Im is the imaginary part. The above state variable matrix Q obtained is substituted into the differential (8) to (10) after Fourier decomposition. At the same time, introduce the state transformation matrix MQ
Finally, under the dq coordinate system, the GSSA model of AC/DC hybrid independent power system is
Reasonably choose the order of the GSSA model N according to the precision required for dynamic security analysis of the independent power system under large disturbance. Then a simplified large signal model reflecting the dynamic characteristics of the system is obtained by simplifying the GSSA model of independent power system. 
IV. LARGE SIGNAL MODEL OF AC/DC INDEPENDENT POWER SYSTEM A. SYNCHRONOUS GENERATOR
As shown in Fig. 2 , B767 adopts a variable speed constant frequency AC generator (VSCF) system with a band pass filter (BPHF).
As shown in Fig. 2 , the output power of the generator flows into the rectifier unit after the band pass filter. Assumed that the three-phase output voltage of the generator SG is V gr , V gs , and V gt , V m is the peak of phase voltage, and ω is the output frequency, then the time domain nonlinear equation of generator output voltage is
Assume that V fr , V fs and V ft represent the voltage values at the input end of the filter, r g + r 1 and l g + l 1 represent the loss resistance and loss inductor of the transmission lines and generators respectively. In addition, I gr , I gs and I gt represent the three-phase current of synchronous motor, and I gr , I gs and I gt represent the input side current of the rectifier. The dq-transformation equation of a synchronous motor is shown in (24) to (27).
Where, u is the end voltage of each winding; r g is the resistance of each phase winding of the stator; i is the current of each winding; ψ is the total flux of each winding;ψ = dψ/dt is the derivative of flux to time. The dq transformation equation of SG is combined from (27) and (19) to (23).
Then the state equation is
The alternating current output of the synchronous generator is connected to the 270V DC bus through a 12-pulse transformer rectifier unit (TRU). Assuming that the current in the TRU is continuous and the semiconductor diode in the full bridge circuit is an ideal diode, the 12-pulse transformer rectifier circuit is shown in Fig. 3 .
The 12-pulse TRU is composed of one Y-Y-type transformer and two three-phase bridged inverter circuits with phase difference of 30 • . The two sets of rectifier bridges are connected in series to power the 270V DC bus. The three-phase balance voltage input is 
Assuming that the switch time of upper and lower bridge arms do not coincide and the commutation angle µis less than π /6. When 0≤ ωt ≤µ, the rectifier state equation is
When µ≤ ωt ≤ π /6, and the rectifier state equation is 
In addition, when µ≤ ωt ≤ π /6, we have
Where, r dc is the total resistance of the DC bus, L dc and C dc represent the inductance and capacitance of the filter respectively. The state equation of the rectifier at load side satisfies
The combination of (37), (38), (39) and (40) is
As the value of r ac and L ac is relatively small, the state equation of the TRU can be approximately simplified as
Where, the commutation function h(ωt, µ)is
Where, n is a positive integer, h(ωt, µ) is a function of a period of π /6. The state equation is then expanded into a first order generalized state space matrix
Where,
As the derivation process of the large signal model of the inverter unit and the DC converter unit in the B767 aircraft AC/DC independent power system is consistent with that of the synchronous generator and rectifier unit, we will not give the detail any more.
V. SIMULATION VERIFICATION
To verify the correctness of the above large signal model, response characteristics under three operating conditions including starting-up, load switching and steady state are compared and analyzed in this paper. Some parameters of the target system are detailed in Table 1 .
A. STARTING-UP SITUATION
Suppose that the target system with rated loaded, compare and analyze the response characteristics of the large signal model while starting-up. Fig. 4 shows the waveforms of V c and I c , respectively output voltage and current of the DC converter, with constant voltage load at starting moment, and the full-load power is provided for a DC load. While (a) presents the simulation result of physical model, and (b) is the simulation result of the large signal model. Actually, we digitized the continuous state-space averaging equations and transformed it into a recursive discrete system with a defined sampling time, which is much shorter than the time period of the PWM control signal.
As can be seen from Fig. 4 (b) , the rise time of the converter output is calculated at about 0.2ms, which is approximately the same as the rise time of the output voltage simulated by the physical model. In addition, the steady-state value of the output voltage and current of the large signal model also follows the results of the physical model, and the change trend of the output waveforms of the two models is basically the same. However, because the large-signal model ignores dynamic components at a certain time scale, the output waveform is less fluctuating than the physical model. Fig. 5 shows the waveforms of V cc and I cc , respectively the output voltage and the current, when starting a constant current load, while (a) presents the simulation result of physical model, and (b) is the simulation result of the large signal model.
Comparing the waveforms of output voltage and current in Fig. 5 (a) and (b) . It can be seen that although there is a slight deviation between the voltage and current waveforms output by the large-signal model and physical model, the steady-state values and the key characteristics between two simulation results relatively consistent. Additionally, it can be observed from the Fig. 5 that the voltage and current overshoot percentages of the physical model are approximately 77% and 520%, respectively. Correspondingly, the voltage and current overshoots of the large signal model are calculated to be approximately 79% and 516%, respectively. Therefore, within a certain error range, the voltage and current overshoot percentages of the two models output are approximately the same.
Therefore, under the starting-up conditions, based on the analysis of the simulation results in Fig. 4 and Fig. 5 , it can be proved that within the allowable error accuracy range, the large signal model proposed in this paper can be effectively applied to the modeling, simulation and analysis of the target system. 
B. LOAD SWITCHING SITUATION
In Fig. 6 , the large signal model is compared with the physical model when the independent power system under large power load switching situation. (a) represents the physical model simulation results, and (b) corresponds the results of large signal model. At the initial time, the system was loaded with total 15.6kW DC load of constant voltage and constant power attributes. At the time of 0.3s, the constant current load is added, increasing the total power of the system DC load to 35.6kW. Then i gr , i gs , and i gt , the output current of synchronous generator, and i dc , the output waveform of 12-pulse rectifier changed correspondingly.
Comparing the results of the large signal model with the physical model, it can be observed that there is a good correlation between the simulation results of the two models. The results prove that when considering the dynamic characteristics of the target system such as load switching, the large signal model proposed in this paper has a certain applicability and effectiveness for modeling and response characteristics analysis of the target system. Fig. 7 shows the three-phase voltage waveform output by the 12-pulse inverter and the output current waveforms before filtering and after filtering. Among them, columns (a) and (b) represent simulation results of the physical model and the large signal model, respectively.
C. STEADY STATE OPERATION
It can be seen from the simulation results that if only the fundamental components of the original signals are considered and higher-order oscillations are neglected, the waveforms from the large signal model and the physical model have the same trend, frequency and amplitude, which further certificates the validity of the large signal model. In addition, with the increase of the order in the GSSA model, the large signal model will also have higher accuracy.
VI. CONCLUSION
Large signal model of power system is the precondition of large disturbance stability analysis. Aiming at the characteristics of AC and DC system, this paper presented a GSSA large signal modeling method for AC/DC independent power system in dq-coordinate system, and constructed a large signal model of the sys-tem. The simulation results show that, within a certain range of error accuracy, the large signal model proposed in this paper can effectively simulate the response characteristics of the target system under conditions of start-up, sudden change in load, and steady-state operation. Furthermore, compared with the physical model, the large signal model also can effectively reduce the simulation time and improve the simulation running speed while taking into account the simulation accuracy. The large signal model proposed will be beneficial to large disturbance stability analysis of the target system in the future, further understanding the dynamic characteristics of the AC-DC hybrid independent power system under the large disturbances, and improving the security and stability of the system. The effectiveness and usability of the large signal model lay a good foundation for the theoretical analysis of large disturbance stability of AC/DC independent power systems.
